Microbes have been widely used in experimental evolutionary studies because they possess a variety of valuable traits that facilitate large-scale experimentation. Many replicated populations can be cultured in the laboratory simultaneously along with appropriate controls. Short generation times and large population sizes make microbes ideal experimental subjects, ensuring that many spontaneous mutations occur every generation and that adaptive variants can spread rapidly through a population. Another highly useful experimental feature is the ability to preserve and store ancestral and evolutionarily derived clones. These can be revived in parallel to allow the direct measurement of the competitive fitness of a descendant compared with its ancestor. The extent of adaptation can thereby be measured quantitatively and compared statistically by direct competition among derived groups and with the ancestor. Thus, fitness and adaptation need not be matters of qualitative speculation, but are quantitatively measurable variables in these systems. Replication allows the quantification of heterogeneity in responses to imposed selection and thereby statistical distinction between changes that are systematic responses to the selective regimen and those that are specific to individual populations.
IN PURSUING AN EXPERIMENTAL study, a primary and crucial decision that a physiologist must make is the choice of the subject organism. Nearly a century ago, August Krogh discussed the importance of this decision and articulated what subsequently has become known as the Krogh Principle. This states that the choice of the subject organism should be dictated by the experimental convenience that it brings to the proposed study (34) . Convenience here is not meant to simply imply how easily the subject can be obtained or high frequency of use in other studies. Rather, this refers to investigator consideration of a subject's unique biological properties that can best foster a direct and clear experimental design and an unambiguous result and interpretation (8) . The Krogh Principle has been particularly important in guiding successful research in neurophysiology and comparative physiology, but should not be limited to those fields or to physiological studies alone.
Historically, evolutionary biology has been dominated by descriptive, theoretical, and comparative studies (21) . While these have their individual strengths and insights, they lack the rigor and strong inference that the experimental method can bring to scientific investigations (20, 47) . The emergence of experimental evolution has permitted the examination of fundamental hypotheses and assumptions about how evolution works (23) . In addition, experimental evolutionary studies produce new organisms with unique combinations of properties that can become the subjects of new investigations into mechanism and function (8) . A broad taxonomic array of organisms has been used in these studies, from vertebrates to viruses. Each of these groups has experimental advantages and limitations. Here we argue, however, that the Krogh Principle suggests the unique utility of microbes for understanding general issues and patterns in evolution, for testing evolutionary hypotheses, and for investigating the breadth of adaptive solutions to environmental change (8) .
This article discusses the unique experimental advantages of microbes for experimental evolutionary studies and presents an application of this method for the study of evolutionary responses to environments of different acidities.
II. The Microbial Advantage
The hallmarks of successful evolutionary experimentation are replication and control. Replication effectively allows the experimenter to copy the same experiment over and over independently, so that pattern and significance of results can be analyzed. Control is important in two senses: for regulation of all aspects of the newly imposed selective environment and for continued maintenance of parallel lineages in the ancestral environment. Therefore, the ability to maintain numerous independent experimental populations under tightly regulated conditions is inherently advantageous. Similarly advantageous are the large population sizes and rapid reproduction. Microbes (and viruses) excel in all of these features and more.
Replication of lineages. Many types of microbes have been successfully domesticated for easy liquid culture in laboratory cultureware or chemostats. The numbers of replicate lines that can be cultured are essentially limited only by the desire, patience, and resources of the experimenter. Dozens or even hundreds of populations can be propagated simultaneously. Evolution in different environments can be structured and analyzed simultaneously. For instance, it is feasible to examine adaptation to a range of different nutrients and different concentrations of the same nutrient at the same time. Once established and maintained without cross-contamination, each replicate is evolutionarily independent.
There are two distinct analytical advantages that are permitted by the ability to replicate lineages in this manner. First, experimental replicates cultured under identical conditions can be analyzed statistically to document significant evolutionary change and to place confidence limits on that change (35) . Such an analysis can permit the quantitative documentation of adaptation to a new environment by demonstrating a statistically significant improvement in reproductive output within the group of lines evolving in that environment. For instance, a group of replicated lineages of bacteria maintained at 42°C for 2,000 generations evolved significantly greater fitness in that temperature than did groups evolving at the ancestral temperature of 37°C or a novel but colder temperature of 32°C (5, 6) . The magnitude of this improvement was demonstrated to be greater in this stressful environment than that attained by either of the other groups in their selective environments. Such analyses and conclusions regarding group differences are possible only because of replication of experimental lineages within each of these environments.
Replication of lineages, secondly, permits an analysis of the diversity of potential evolutionary solutions and outcomes, given identical starting conditions. It gives us the ability to investigate the range of potential outcomes and adaptive solutions that might occur, rather than being confined to the analysis of a single outcome ex post facto, as characterizes most evolutionary analyses of the natural world (24) . From such replicated experimental evolutionary studies, it appears that there is no single adaptive pathway, no single predetermined evolutionary outcome, even for identical clonal populations adapting to very simple environments (e.g., 6, 9, 46, 58) . Such long-term evolutionary studies have demonstrated that a variety of phenotypes with very different underlying genetic mechanisms appear among the replicated lineages.
Ancestral controls. It is essential to determine whether observed changes in the evolving populations are actually responses to the new selective environment or if those changes would have occurred anyway in the ancestral environment. That is, is there continuing adaptation to ancestral culture conditions that could be misconstrued as adaptation to the new selective environment? With microbes there are several ways to minimize this concern. First, the ancestral population can be drawn from lineages already maintained in, and well adapted to, the laboratory culture conditions, thereby minimizing further evolutionary improvement. Second, replicated populations can be cultured under ancestral conditions in parallel with those changed to novel environments. The extent of further adaptation to ancestral culture conditions can therefore be empirically analyzed and compared with that in novel selective environments. In our temperature adaptation experiments, a line of bacteria was first maintained at a culture temperature of 37°C for 2,000 generations before being used as the ancestor for other experimental groups, including a continuing experimental control group at 37°C. During the preconditioning 2,000 generations, its relative fitness improved about 33% (35); during the subsequent 2,000 generations, fitness increased only 1/10th as much (5) . Extensive adaptation of the ancestral lineage to culture conditions thus made it much easier to interpret fitness improvement in the other groups as being temperature and not culture specific.
Environmental controls. Because microbes can be maintained and cultured in supplemented liquid media using standard laboratory cultureware, it is possible to create highly replicable environments within and among laboratories. Spatial heterogeneity can be eliminated by agitation. Any environmental factor or pair of factors can be experimentally altered from the ancestral condition, while otherwise maintaining every other feature of the ancestral environment. The novel experimental environment can be constant or variable, selecting, respectively, for specialists or generalists (e.g., see Ref. 5) . The experimental and ancestral environments thus can be specified, controlled, and replicated to an extraordinary degree.
Enormous population size. In a few milliliters of liquid culture, microbial populations numbering hundreds of millions or even billions of individuals can be grown and maintained. For evolutionary studies, there is always a problem if population size is too low: for example, genetic drift or the fixation of traits at random may become a major concern when too few individuals compete and reproduce. Most experimental investigators prefer populations in the hundreds, or even a thousand, as a minimum to avoid this effect. Populations of those magnitudes can be difficult to maintain and manage for some kinds of organisms, especially vertebrates, but are easily obtained using microbes.
There is also a secondary, and perhaps less obvious, advantage in having truly huge population sizes: the probability of the emergence of mutational novelty. During DNA replication, there is a low but finite probability of an error in replication. The probability of the occurrence of such a mutation is the product of population size and the mutation rate, and thus larger populations facilitate the greater chances of obtaining a beneficial mutation on which selection can operate. In long-term evolutionary studies on microbial populations of large size, it is probable that every single base pair within the genome has experienced a mutation at least once and has been subjected to consequent selection (38) .
Rapid reproduction. Selection operates on individuals, favoring or disfavoring their reproduction. The more rapid reproduction is, the more quickly favored genotypes spread through the population. For multicellular organisms, generation times may minimally be days or weeks; for microbes, minutes or hours. Beneficial mutations may therefore spread rapidly in microbial populations: mutational genetic adaptation was observed to occur and increase mean population fitness within only 100 to 200 generations, 15 to 30 days, of hightemperature selection (4) . Conversely, harmful mutations are also more rapidly eliminated. Because of their very short generation times, evolutionary experiments on microbes may feasibly span thousands or tens of thousands of generations (e.g., 38, 46) . Reproduction is clonal, so an intact genome can be passed directly to the descendants without being deconstructed by genetic recombination.
Ancestral preservation. Because cultures of microbes survive being frozen and thawed again, they can be preserved more or less indefinitely in a nonevolving frozen state and then revivified. The ability to maintain viable frozen cultures means that an entire evolutionary sequence can be preserved, reconstructed, and analyzed. It also means that the ancestor and its distant descendant can be compared contemporaneously at any later date (35) . With microbes, it is not necessary to make every conceivable measurement on an ephemeral ancestral state at the beginning of an experiment. It is also possible to make measurements on the ancestral state with technologies that were not developed until after the experiment was initiated and to continue to apply new technologies to the experimental series indefinitely into the future.
Fitness measurement. Because the ancestor and its descendant can be brought together in the same place at the same time, they can be directly compared. Of special interest is that their relative reproductive potential can be assayed in direct competition. Placed together in the same environment and given access to resources, the number of offspring produced by the ancestor and the descendant can be differentiated and a quantitative measurement of their relative fitness in that environment can be obtained (35) . In most experimental systems, evolutionary biologists have to be content with measuring and comparing presumptive fitness components, that is, phenotypic traits assumed a priori to be of importance within the novel selective environment, e.g., renal clearance capacity or nerve conduction rate. Such trait-by-trait measurements may give some insight into some mechanisms underlying evolutionary change. However, their impact on adaptive evolutionary change cannot be quantified, and the contribution of unsuspected or unmeasured traits may be missed entirely. In determining evolutionary success, organisms should not be fragmented and studied as a series of isolated traits; it is only within the context of their integrated functioning in the intact organism that their importance should be assayed (3) . The best measure of such integrated function within an evolutionary context is their summed effect on reproductive potential. Relative fitness is the measure of the evolved line's population growth compared with that of the ancestral line, when the two lines are mixed together and directly compete in the same flask for shared nutrients. Assayed in the novel selective environment, an improvement in fitness of the descendant relative to the ancestor provides an unambiguous demonstration of evolutionary adaptation and an integrated quantitative measurement of the degree of improvement resulting from all accumulated genetic changes. Once adaptive fitness has been determined, its components and genetic basis can be studied. It is also possible to assay fitness in other environments, including the ancestral one, and determine whether evolutionary adaptation has been accompanied by a loss of reproductive potential in nonselective environments. Such correlated decrements in fitness are termed "trade-offs" and are widely anticipated in evolutionary theory; they can be directly determined in microbial evolutionary experiments (e.g., see Ref. 9) .
Genetic basis of adaptation. Genomes of dozens of species of microbes have been completely sequenced and many more are anticipated. It is thus feasible to analyze the exact genetic changes associated with adaptation in a microbial evolutionary experiment (e.g., see Refs. 46 and 57). Microbial genetic structures are relatively easy to manipulate, so the presumptive phenotypic effects of any novel mutation or rearrangement can be independently verified experimentally. Microbial genomes are relatively small, and the functions of many genes are already well understood, facilitating the interpretation and understanding of the functional basis of adaptation. After completing the evolutionary selection, along with measurement of fitness and of physiological performance, the investigations of the evolutionary physiologists can be extended through characterization of the genetic architecture of the adaptations. For example, a study of high-temperature adaptation employed microarray technologies, both to measure evolved changes in gene expression and for detection of large insertion and deletion events, to reveal candidate genes associated with the higher expressions that occur during high-temperature tolerance (49) . Another study used microarrays and PCR to identify the genetic duplications and deletions involved in the specialized adaptations to two different sugars and to a mixture of the sugars, revealing *Mean relative fitness Ϯ 95% confidence interval for each group is calculated from 6-line means, each of which is based on 6 replicates. †Significance values are based on 1-tailed t-distribution with null ϭ 1 and df ϭ 5. ‡Each number followed by a ϩ, Ϸ, or Ϫ indicates the number of lines in the group with significant gains, no significant changes, or a significant losses, respectively, in mean direct fitness. Data are means Ϯ 95% confidence limits of relative fitness based on 6 replicate assays (line means) or the 6 line means (group means). Pattern, pattern of evolutionary change across the two environments; E, exaptation (correlated fitness gain); N, no trade-off (direct fitness gain with no correlated fitness loss); T, trade-off (direct fitness gain but with correlated fitness loss); Ϫ, negative evolution pattern (loss of direct and correlated fitness), is not qualified as a trade-off, since the loss does not accompany any gain.
genetic mechanisms of antagonistic pleiotropic trade-offs of specialization that likely inhibited evolution of generalists (59) .
No experimental organism is ideal for all types of studies, physiological or evolutionary. For instance, for some questions concerning evolutionary changes in intercellular, organ or systems function and integration, microbes have nothing to offer, and other experimental organisms [e.g., nematodes, (53)] may be more useful. However, for understanding the diversity and mechanisms of evolutionary adaptation and for testing evolutionary theory, they offer the very significant experimental advantages enumerated above. Microbes have been used in hundreds of experimental evolutionary studies (see reviews in Refs. 8, 13, 17, 36, 37, and 43). Here we exemplify this type of research with some of our recent work on adaptation of a bacterium to environmental pH. We first, however, review the very first microbial evolutionary study.
III. The First Experimental Study of Microbial Evolution
The first microbial evolution experiment was conducted more than a century ago by an ordained Methodist minister, the Reverend Dr. William Dallinger (15, 26) . In addition to his religious duties, Dallinger was an avid microscopist and served as President of the Royal Microscopical Society. As an evolutionist, he set out to investigate whether it was possible to induce thermal adaptive change in an organism with a short life cycle. Dallinger cultured rapidly propagating protozoans for 7 yrs while gradually increasing temperature. Starting at 16°C, he slowly raised the temperature to 23°C, at which point many of the population died, so temperature was held constant for 3 mo until regeneration rates recovered and thermal increments were slowly continued. After 7 yr the protozoan cultures were able to tolerate temperatures of 70°C. The experiment was ended due to equipment failure. Interestingly, it was noted that the higher-temperature-adapted organisms died when placed back at the ancestral temperature of 16°C, suggesting that a trade-off of low-temperature survival accompanied adaptation to high temperatures. While this experiment lacked many of the elements today deemed necessary for experimental evolution studies (e.g., replication, contamination controls), it was widely regarded as an important demonstration of evolution at the time, including reports in the popular press (1a) and encouragement from Charles Darwin.
IV. Experimental Evolutionary Adaptation to Environmental pH
Adaptation to physical environmental factors has been a major theme in microbial experimental evolutionary studies. Beginning with Dallinger, most of this work has concentrated on temperature as the selective environmental variable (e.g., see Refs. 5 and 11), and this work has been reviewed elsewhere (8) . Here we discuss some of our recent experimental work on adaptation to the environmental factor of pH. Environmental acidity is both a great physiological challenge and evolutionary stress to many enteric organisms because of their requisite passage through the extreme acidity of the stomach. Our experimental organism, the bacterium Escherichia coli, is able to tolerate brief exposure to a pH as low as 2.0. Because of this extreme acid tolerance, as few as 10 E. coli cells are able to colonize a host, whereas Salmonella, with an acid tolerance of about pH 3.0, requires over 10,000 cells to produce an infection (2) .
Evolution in constant environments. In our experiments (29 -31), a bacterial clone with a historical evolutionary exposure to pH 7.0 was used to found groups of lineages in a variety of environments of constant (pH 5.3, 6.3, 7.0, and 7.8) or variable (Cycled and Random, see below) pH. These pH environments encompassed more than a 300-fold range in hydronium ion concentration (15-5,000 nM). Derived lineages were propagated in sixfold replication for 300 days to produce 2,000 generations in serial dilution culture within these new selective environments. All other aspects of historical culture conditions were maintained constant, and rigorous controls to detect external or cross-contamination were employed. At the end of the experiment, evolutionary change in relative fitness of experimentally evolved lineages was calculated as the ratio of the logarithm of population growth doublings achieved by the experimental competitor compared with that of the common ancestor (35) . A relative fitness value (W) significantly Ͼ 1 signifies improved evolutionary fitness, W ϭ 1 means that fitness did not change, and W Ͻ 1 indicates a loss of fitness. The populations propagated at pH 7.0 did not demonstrate a further significant increment in relative fitness, indicating that the ancestral clone was already well adapted to that pH under those culture conditions.
Of the lines that evolved in constant pH environments (see Table 1 ), the pH 5.3 group had the largest average increment in fitness (W ϭ 1.20) in its selective environment, followed by the pH 7.8 group (W ϭ 1.08). All six lines of the former group significantly increased fitness, and only four of the latter group did. These two environments are stressful to the ancestral bacteria, and adaptation proceeded more rapidly and extensively at these pHs than it did at less stressful ones.
The mere occurrence of evolutionary adaptation, which is a fundamental expectation of evolutionary biology and commonplace in microbial evolution experiments, is not nearly as interesting as the more complex patterns of correlation revealed when fitness is assayed in other, nonselective pH environments. Expectations of trade-offs, traditionally considered a necessary cost accompanying fitness gain in one environment as a fitness loss in other environments, are generally anticipated by evolutionary theory. The patterns of trade-offs we observed experimentally were actually far less predictable and more complex than expected. For instance, adaptation to the extreme acid and alkaline environments yielded highly divergent trade-off patterns between the two groups (see Table 2 ). The pH 7.8 group had only two of its six lines with a trade-off at pH 5.3. In contrast, all six lines of the pH 5.3 group showed significant trade-offs at pH 7.8 (mean, W ϭ 0.77). Evidently, further adaptive gains in the acidic environment seem to proceed by mechanisms that negatively impact the physiological ability to handle more alkaline conditions. Evolution in the alkaline environment, however, does not seem to have a similar effect; indeed, one of the alkaline lines significantly improved its performance in the acid environment. Patterns and predictability of trade-offs are proving to be more complex than evolution theory predicted, and individual exceptions can be found even when the general and statistical trend suggests their presence (9) . The diversity of trade-off responses probably reflects a diversity of underlying adaptive mechanisms in each independent lineage. Loss of fitness in alkaline environments by all of our acid-adapted lines may be an interesting study system to determine whether there is a common mechanism or series of mechanisms underlying acid adaptation.
Evolution in variable environments. Microbial experimental evolution can also explore adaptation in varying environments to investigate such physiological and evolutionary questions as whether variable environments select for increased phenotypic flexibility or if acclimation is necessarily beneficial (30) . It has been repeatedly argued that temporally variable environments should select for increased phenotypic flexibility (19, 41, 42, 56) . This hypothesis that evolution in a temporally varying environment would increase phenotypic flexibility was not supported when tested in variable thermal environments in experimental lineages of E. coli (7, 39, 40) . However, there was significant support for this hypothesis when we tested our Table 3 ). When the same competition was carried out against the group that had evolved in constant pH 7.8, the transitional advantage was still greater in the Cycled group, but by a more modest 15%. This evidence from variable pH evolution consistently supports the prediction that phenotypic flexibility is increased by temporally varying environments. It also suggests significant differences in physiological evolution between thermal and pH tolerance and between acid and base tolerance.
We also tested the hypothesis that plasticity is most favored when selective habitats are regular and spread equally and randomly across habitats (22, 52) . We created a Random group of six lines that were cultured in pH environments that fluctuated stochastically among 5.3, 6.3, 7.0, and 7.8 pH conditions. Differences between the regularly Cycled and Random groups (see Table 3 ) were not significant in the transitional plasticity achieved; thus the data was not directly supportive of the hypothesis that random exposure enhances plasticity. However, the Random group's adaptation was accompanied by a significantly lower fitness in constant pH regimens, offering some limited support for this hypothesis that equal regularity and strength of selective habitats favor plasticity. We also note that it remains an open question, whether long-term laboratory selection, under the constant conditions that occur during adaptation to the lab, has substantially modified acclimation ability compared with wild-type strains of natural bacterial systems.
This experiment also tested the beneficial acclimation hypothesis (39, 40) , specifically that acclimation in an environment beneficially enhances performance in that same environment (27, 48) . Reliable testing of this hypothesis is often complicated in multicellular organisms by behavioral effects (28) or variant life stages (55) . Acclimation effects may span three generations (57) , and multigenerational exposure to acclimation conditions is desirable (8) , which was easily achieved by employing microbial evolution for experimental design. Although physiologists have argued that acclimation in an environment is expected to benefit performance in that same environment (27, 48) , our study found only mixed support for the beneficial acclimation hypothesis with results having substantial heterogeneity of performance in response to acclimation among the fluctuating and constant groups tested (See Table 4 ). While the pH 5.3 group demonstrated beneficial acclimation, the pH 7.8 group had significant decrements in performance after base acclimation. Interestingly, Table 4 also shows that the Cycled and Random groups had very small or insignificant acclimation effects, partially supporting a different hypothesis, that tempo- Ͻ0.001 †Values are means Ϯ SE based on 6 replicate tests for each evolved or natural isolate experimental line. ‡Two-tailed probabilities were calculated using the t-distribution with n Ϫ 1 ϭ 5 df; the null hypothesis was that the mean fitness ϭ 1. (32) ral variation will evolve reduced sensitivity to acclimation. The rapidly obtained and highly controlled experimental results testing these four fundamental physiological evolution hypotheses further illustrate the power and efficiency of microbial experimental evolution to test evolutionary physiological hypotheses.
A physiological environmental laboratory analog. Microbial experimental evolution also has the potential to contribute to multiple fields simultaneously through interdisciplinary approaches. An example is illustrated here with an integrative study that touches on evolution, public health, and ecology, while extending controlled laboratory methods to model natural physiological and environmental processes (31) . In this experiment, evolutionary patterns of bacterial growth and survival fitness were measured in a complex multi-stress environmental laboratory Analog. This study examined evolutionary trade-offs in a series of environments and identified ecologically important abiotic factors in the coastal ecosystem that pose a potential public health threat for transmission of pathogenic strains of E. coli between the coastal environment and human host. Although serious health concerns over E. coli have focused largely on its transmission through cattle (44) , pathogenic E. coli is now finding its way into recreational waters (18) , with rapid urban development in coastal regions increasing volumes of sewage discharge and urban runoff to the coastal ocean (1, 45) . E. coli has been found persisting in tropical freshwater environments (33) , suggesting that a natural isolate may have become genetically adapted to that environment. Although E. coli has long been thought to die off rapidly in seawater and to lack the ability to grow and proliferate in the ocean (51), the question of which environmental factors might eventually cause this organism to adapt to seawater warrants consideration. Testing this question directly in the natural environment would be confounded with variables of uncontrolled biological interactions, so this study (32) sought to establish a controlled laboratory analog methodology to determine the roles that various abiotic environmental factors may play in the potential of E. coli to evolve increased survival and growth in seawater and a human host (see Fig. 1 ).
In seeking a more complex sequential combination of multistress environments than had previously been used, we designed a "Host to Coast Environmental Analog," which attempted to balance environmental realism with experimental tractability. The Analog simulated abiotic environments in an 11-day sequence through the small intestine and colon (Host), transitioning through the sewer (Coast transition ) and into the seawater (Coast), reentering the human stomach and back into the small intestine (Host) ( Table 5) , (for a full discussion, see Refs. 31 and 32). This laboratory-based system (31, 32) approximates parameters of pH, temperature, salinity, and nutrients at natural environmental levels, within the constraints of utilizing the standard accepted media and methods employed for microbial evolutionary experimentation. In regard to the stomach component, for instance, it is possible to estimate pathogen survival and growth under approximate gastric conditions (54) . Although an earlier experimenter's attempt with a pH decreasing immediately below 2.0 could not detect culturable cells (10), our experimental design carefully controlled conditions to approximate actual physiological conditions more closely and reflect bacterial growth challenges more accurately. First, a more reasonable initial stomach pH of 6.8 was chosen for the Analog's stomach acid cycle (see Fig. 2 ), because that is typical immediately after meal intake rather than at fasting, when pH is below 2.0 (16, 50) and thereby avoids a total loss of culturable bacteria. Second, the Analog models the acid cycle exposure time according to stomach acid concentrations of young healthy adults with an average time of ϳ120 min for 50% of their stomach contents to empty (12) . Finally, only very gradual acidification with human physiological pH concentration of cephalic phase parietal cell secretion (25) and alkalization with shaking achieves similarity to human gastric conditions and yields successful survival and tractable measurements of fitness. Replicates of several different laboratory-evolved bacterial clones were independently run through the Analog [the Acid, Alkaline, and Cycled lines discussed above and both 42°C (5) and 14°C (Bennett, unpublished data) thermal specialists], as well as natural E. coli isolates sampled from an urban sewer and coastal seawater.
This study (32) found that E. coli growth during the Host Analog is extremely challenging, with culture count measurements undetectable during the stomach phase, requiring that fitness assays be performed later during the phase simulating passage through the small intestine to the colon (see Table 6 ). The natural Host Isolate strain, sampled from an urban sewer, had the highest performance of relative growth fitness in the Host Analog, which was expected, and may offer further validity to the calibration accuracy of Analog as a simulation of the human host. Of the experimental lines, the Cycled pH line demonstrated the highest fitness in the Host Analog, along with the 14°C line that also experienced a significant fitness gain (Table 6 ). Growth in the Coast Analog is so challenging for E. coli that the experimental system was designed to measure survival alone (See Table 7 ). Remarkably, growth did occur in one line (See Fig. 3 ). The surprisingly high significant seawater growth rate demonstrated in the Alkaline line (selected at pH 7.8) suggests what might be an important environmental health discovery: prolonged alkaline exposure can lead to the evolution of increased survival and fitness in seawater by E. coli. This study also contributed substantially to our understanding of the complexity of trade-offs. While the 42°C Line had previously been shown to be a generalist, exhibiting no tradeoffs in any previously tested thermal environment (e.g., 42°C ϭ REL2051 in Ref. 6) , here it was shown to have a significant trade-off in the novel environment of the Host Analog. This Line did not exhibit a trade-off in the Coast Analog, actually demonstrating a relative fitness gain in the novel seawater environment. The 14°C and Alkaline Lines were shown to be Host to Coast generalists, since their respective gains in the Host (14°C Line) and Coast (Alkaline Line) Analog were not accompanied by trade-offs of fitness in the reciprocal portion of the Analog. While the 42°C Line was shown to be a specialist for thermal fitness, the Alkaline Line seems to be a generalist, an evolutionary "Jack-of-all-trades."
Future studies of this type of interdisciplinary application of microbial experimental evolution may help inform many fields, such as the public health regulation of wastewater management to prevent selection for strains of pathogenic E. coli possessing generalist physiologies that could facilitate increased growth in coastal seawater and infectivity in human hosts. As this type of approach develops further, we may eventually be able to predict the development of diseases through understanding the evolution of their bacterial or viral source.
Perspectives and Significance
Microbes have proven to be exceptionally useful and tractable systems for experimental evolutionary studies and may facilitate progress in the field of evolutionary physiology. They are easy to obtain, store, and culture, either as mixed populations or clones. Any experiment can effectively have as many replicated populations and controls as the experimenter wishes. Growth rates are high and generation times are short, so that advantageous mutations or genetic rearrangements can be selected for expeditiously. Preservation of viable ancestral forms permits quantification of adaptation and trade-off though competition experiments and measurement of differential reproduction and fitness. For some species, there is an exceptionally large amount of information about their genetics, molecular biology and biochemistry, and physiology. They are also relatively easy to manipulate genetically and, thereby, permit experimental verification of putative adaptive genetic effects that correlate with measures of physiological performance. With the use of microbial systems in properly designed experiments, it is possible to test evolutionary theory, to examine the diversity of adaptive physiological mechanisms and responses to particular environments, and to select for new experimental organisms with evolving physiologies of superior performance and fitness. These approaches can also be applied to solve biological challenges, such as predicting the physiological evolution of disease-causing microbes as they adapt to environmental changes, such as global warming.
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